This research centers on experimental laser-micromachining of silicon using solid state pulsed Nd:YAG laser. The laser is equipped with 3-axis controllers with resolution of 1 µm. The main objective is to find out the possibility of using this laser machining system to fabricate a micro feature on silicon. Simple straight lines were generated on silicon surface. The two process parameters -the laser traverse speed and pulse energy-were considered in the experimental design. Two forms of experiments were carried out: (1) processing with air assist gas and (2) processing without the assist gas using the same experimental design. Standard full factorial design of 3 k was used to design the experiments. Repeatability of the machine and nonlinearity were taken into account in the design by adding center points. Sequence of experiments was also randomized. Statistical analysis of experimental results could not show any significant factor. However, the surface plot did provide general information on desirable regions for the response line width, which was consistent with the published results. Micrograph study of the featured lines revealed that the laser processing without the assist gas produced preferable results.
Introduction
Silicon micromachining is an emerging technology augmenting the computational ability of microelectronics with micro-devices and expanding the space of possible design and applications. The early techniques of silicon micromachining are mostly based on the principle of lithography. This traditional method involves cumbersome processes such as preparing photo-masks and photosensitive resist, adjusting beam exposure, developing the exposed resin, etc., which definitely restricts the flexibility and efficiency of micromachining. As a result, researchers have proposed laser processing as a possible alternative to micromachining [1, 2] .
Laser machining has proven to be promising alternative for processing of difficult-to-machine materials including silicon with tolerance approaching 1 micron [3] [4] [5] [6] [7] . Particularly, so-called laser direct writing, i.e. directly writing the structures into material with precisely-focused laser beam, eliminates the participation of masks and resists, and has obvious advantage in fulfilling the tasks with a high flexibility [2] . As such, researchers have paid special attention to the micro-processing with lasers starting from basic level of study to the development of laser micromachining systems. In order to successfully apply laser in silicon micro-processing, experimental investigation of the feasible laser parameters is an essential need. Unfortunately, only limited published reports on micromachining of silicon applying laser direct write method are available. They reported the possibility of using laser for micromachining highlighting some theoretical foundation and promising experimental results, which shows that it is still under the subject of research and needs extensive research [2, 8, 9] . good focusing characteristics, and narrow heat affected zone (HAZ) [4] [5] [6] . The objective here is that experimental design was adopted for number of experiments whereby basic feasible processing parameters of Nd:YAG laser for making a micron-sized features on silicon are to be determined.
Design of Experiment
Pulsed Nd:YAG laser with three-axis controller was employed for machining of silicon. This laser has 1064 nm wavelength and 0.1 ms pulse duration with the energy of 10 mJ. Controller resolution is 1 µm. Simple straight lines of about 10mm were generated on silicon surface as such lines are basic geometry of micro-channels. There are several parameters that can be set in the experiment: laser power/pulse energy, pulse width, pulse repetition rate, working distance and laser traverse speed. However, in this research only two parameters -pulse energy and laser traverse speed were considered due to time constraints. Maximum and minimum values of each parameter were set through trial experiments as follows: 0.05 ≤ pulse energy ≤ 0.19 J 2 ≤ laser traverse speed ≤ 10 mm/min Experiment was designed in STATISCA software tool. Two forms of experiments were carried out: (1) processing with air assist gas and (2) processing without assist gas using the same experimental design. Standard full factorial design of 3 k where k is number of factors (independent variables) was used to design the experiments. Repeatability of the machine and nonlinearity were taken into account by adding center points. Sequence of experiments was also randomized so that random error of the machine could be examined when analyzing the experimental outcomes.
Experimental Results and Discussion
The line geometries generated on the silicon surface were investigated under optical microscope to measure the line widths, which were used as response (dependent) variables for statistical significance analysis. The analysis was done two times for each experimental set considering: response model with no interaction and that with nonlinear two way interaction. The latter gives acceptable results for both experiments in terms of normality and model predictability. Since the statistical analysis outcomes show nearly the same implication to data of both experiments, those of second experiment i.e. the experiment without the assist gas are and discussed shown here.
As shown in Fig. 1a , the deviations from normality are tolerable as only few points are considerably far from the normal value. Meanwhile, the predicted and the observed values are almost identical (refer Fig. 1b) . Consequently, the response model with nonlinear two way interaction was chosen for examining surface plot. However, random error of the machine was found to be considerably high as revealed in the analysis of variance (ANOVA). Also ANOVA did not show a process parameter that affects the response significantly based on the statisticallysignificant value of p (=0.05). As seen in Fig. 2a , none of them showed up p value close to 0.05. ANOVA results should not be taken into account here particularly for finding significant parameters [10] . Fig. 2b shows the surface plot. It features the feasible process parameter region for desirable response, the line width in this case. Generally, desirable regions for the response line width are found in lower-left corner which is consistent with the published results meaning low speed and pulse energy are desirable for fabrication of micro-component with pulse laser [8, 9] . Since ANOVA results did not provide the significant parameters, additional plots were investigated. Fig. 3 and 4 illustrates the line width varied as laser traverse speed and pulse energy respectively for the experiments with air assist gas while Fig. 5 and 6 without the assist gas. Clearly there is a considerable effect of laser traverse speed and pulse energy on the generated line width in both cases. The trends were also consistent. In the case of laser processing with air assist gas, for the same pulse energy low or raverse considerably-high laser traverse speed produced smaller features (Fig. 3) . The same was true for the same traverse speed and varying pulse energy (Fig. 4) . In the case of laser processing without the assist gas, the opposite trend was found. For both laser traverse speed and pulse energy, moderately high ranges were preferable for smaller feature size ( Fig. 5 and 6 ).
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Experimental Mechanics and Materials The interesting phenomenon was that the feature quality in using the assist gas seemed to be better than without the assist gas. There were surface cracking extended from the cutting line when laser processing with air assist gas whereas no such crack occurred in the absence of the assist gas. Instead, surface cracks are confined into the cutting region where the laser actually interacts with the silicon. Furthermore, cutting mechanism was more on thermal process in the former where material removal occurred mainly by melting and vaporization In this condition, the assist gas caused large temperature difference between inside the processed region and the outside resulting the undesirable cracks. On the other hand, without assist gas no such phenomenon can occur. The surface was cut by fatigue-like stress cracking confined to the cut zone ( Fig. 5 and 6 ). However, these phenomena would better be identified by highly magnified micrographs such as SEM.
Conclusion
Laser processing of silicon with pulse Nd:YAG laser shows promising results. The two process parameters -laser traverse speed and pulse energy considered in the experimental design are found to be important controlled parameters for fabrication of micro components/structures on silicon. In addition, the use of the air as an assist gas provides a negative effect on the cut quality apparently. It seems that without using the assist gas gives better results. Current experiments produce a line width as small as 170 µm. In future, experiments can be designed with wider range of parameters and more parameters. Controller precision and rigidity can be improved. The cut surface should be investigated with higher resolution microscope for accurate interpretation of the cutting mechanism.
